PURPOSE. To develop a stable antimicrobial contact lens, which is effective against the International Organization for Standardization (ISO) panel microorganisms, Acanthamoeba castellanii and drug resistant strains of Pseudomonas aeruginosa and Staphylococcus aureus.
RESULTS.
The most effective concentration was determined to be 152 6 44 lg lens À1 melimine on the lens surface. After coating, lenses were relatively hydrophilic and were nontoxic to mammalian cells. The activity remained high after autoclaving (e.g., 3.1, 3.9, 1.2, and 1.0 log inhibition against P. aeruginosa, S. aureus, A. castellanii, and Fusarium solani, respectively). Fluorescence microscopy confirmed significantly reduced (P < 0.001) adhesion of viable bacteria to melimine contact lenses. Viable count confirmed that lenses were active against all the bacteria and fungi from the ISO panel, Acanthamoeba and gave at least 2 log inhibition against all the multidrug resistant S. aureus and P. aeruginosa strains.
CONCLUSIONS. Melimine may offer excellent potential for development as a broad spectrum antimicrobial coating for contact lenses, showing activity against all the bacterial and fungal ISO panel microorganisms, Acanthamoeba, and antibiotic resistant strains of P. aeruginosa and S. aureus. (Invest Ophthalmol Vis Sci. 2013;54:175-182) DOI:10.1167/ iovs. C ontact lens wear is a risk factor for the development of microbial keratitis (MK), 1 which is a sight threatening adverse event associated with lens wear. Depending on the study design and location, contact lens wear now accounts for around 12.4% to 66% of all MK events. [2] [3] [4] [5] [6] [7] [8] [9] A variety of microorganisms have been implicated in MK, such as Pseudomonas aeruginosa, Staphylococcus aureus, coagulase-negative staphylococci, Serratia marcescens, Escherichia coli, Acanthamoeba castellanii, Fusarium solani, and Candida albicans. 1, 10, 11 Contact lens related acute red eye (CLARE), contact lens peripheral ulcer (CLPU), and infiltrative keratitis (IK) are also associated with contact lens wear. 12, 13 These inflammatory adverse events are associated with microbial (mainly gram negative bacteria or S. aureus) colonization of contact lenses. 12, 14, 15 Antibiotic resistance among the ocular pathogens has been increasing in parallel with the increase observed in systemic bacterial infections. 16 A significant proportion of ocular infections caused by S. aureus and P. aeruginosa have been associated with antibiotic resistant strains. 11, 17 Rates of resistance to ciprofloxacin, a commonly used first line monotherapy for MK, 18 of ocular isolates of S. aureus from cases of MK treated in Florida increased from 3% to 8% of isolates in the early 1990s to 27% to 40% in 2000 to 2001 largely due to the more frequent isolation of methicillinresistant S. aureus (MRSA), which had rates of resistance to ciprofloxacin of between 30% to 97% in the same time period. 19 Whilst resistance to ciprofloxacin of P. aeruginosa isolates has remained relatively low in Australasia and the United States, rates of resistance of 19% to 23% have been reported from India, [20] [21] [22] Iraq, and China. 23 Microbial keratitis associated with drug resistant bacteria can increase morbidity, treatment cost, and poor prognosis. 24 Furthermore, biofilm formation by clinical isolates of P. aeruginosa, S. aureus, and S. marcescens on contact lenses has been reported to increase resistance to several contact lens disinfecting solutions. 25 The recent outbreaks of fungal and Acanthamoeba keratitis associated with specific multipurpose contact lens disinfecting solutions has highlighted these as causative agents of disease during contact lens wear. 26, 27 Although the rate of contact lens related Fusarium keratitis slowly decreased after withdrawal of the solution, 10 the overall incidence of Acanthamoeba keratitis remained higher than prior to the epidemic. 10, 28 The incidence of fungal or amoebal keratitis during lens wear still remains much lower than for bacterial keratitis 1, 4 but these continue to be difficult infections to diagnose and manage. 29, 30 Strategies that have been designed to prevent microbial colonization of contact lenses include incorporation of nonsteroidal anti-inflammatory drugs (NSAID), 31, 32 phosphorylcholine, 33 fimbrolides, 34 silver, 35 selenium, 36 antimicrobial cationic peptides (AMP), 37, 38 or high density poly (ethylene oxide) dialdehyde (PEO(ALD) 2 ). 39 However, disadvantages of these technologies are that NSAIDs and silver need to be released from lenses to retain activity, and so might lose activity during use; PEO(ALD) 2 and phosphorylcholine coatings are passive anti-adhesive agents (i.e., do not contain inherent antimicrobial activity). In addition, most strategies have not been tested against Acanthamoeba, fungal isolates, or drug resistant bacteria. 27, 30 AMPs are known to have broad spectrum antimicrobial activity. 40, 41 Previous studies have confirmed that melimine, prepared by combining active regions of protamine (from salmon sperm) and melittin (from bee venom), is a heat stable antibacterial AMP. 38, 42 Furthermore, melimine-coated lenses have been shown to reduce corneal infiltrative events in animal models. 37 The aim of this study was to evaluate meliminecoated lenses for activity against fungi, Acanthamoeba, and multi-drug resistant S. aureus and P. aeruginosa. In addition, we wished to confirm that the melimine-coated lenses were nontoxic to mammalian cells and that addition of melimine did not affect the parameters of lenses.
METHODS

Production of Melimine Coated Contact Lenses
Melimine (>80% purity; American Peptide Company, Sunnyvale, CA) was diluted in sterile PBS pH 7.4 (NaCl 8 g l À1 , KCl 0.2 g l À1 , Na 2 HPO 4 1.15 g l À1 , KH 2 PO 4 0.2 g l À1 ). One of the most widely used contact lens materials etafilcon A 43 (Base curve: 8.7 mm, Diameter: 14.0 mm, Power: À3.00 Diopter [D]; Johnson & Johnson Vision Care Inc., Jacksonville, FL) was used for this study. Contact lenses were removed from the manufacturer's vials, and washed three times in 1 mL PBS. Melimine was covalently attached to lenses using a modification of a previously described method. 38 Briefly, lenses were washed twice in 0.1 M l À1 sodium acetate buffer (pH 5.0), and soaked in 2 mL 0.1 M l À1 sodium acetate buffer (pH 5.0), containing 2 mg ml À1 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) for 15 minutes at 258C. Lenses that reacted only with EDC (no melimine added) served as process controls. For melimine coating, lenses were washed three times in PBS and then suspended in 100 lg ml À1 , 500 lg ml À1 , 1 mg ml À1 , 3 mg ml À1 , or 5 mg ml À1 of melimine in PBS, and incubated for 2 hours at 378C with gentle shaking. Subsequently, lenses were washed three times in sterile PBS, and then resuspended in 2 mL of 10% wt/vol NaCl overnight followed by soaking in PBS for 2 hours to extract any dissolved noncovalently attached peptide remaining within the lens matrix. The amount of peptide present on the lens surface was quantified using amino acid analysis as outlined previously. 44 Contact lenses processed only with EDC (without melimine) acted as process controls. A separate batch of lenses prepared by soaking in melimine (same concentration used for EDC coupling) solution for 2 hours without EDC covalent coupling used to determine effectiveness of the covalent attachment. All the lenses were stored in glass vials at 58C in sterile PBS.
Strains and Adhesion Conditions
All micro-organisms used in this study and their sources are listed in Table 1 . Primary evaluation, validation, and screening of the meliminecoated lenses were performed using P. aeruginosa 6294 and S. aureus 31. Antimicrobial efficacy of lenses containing the lowest concentration of melimine, but highest antibacterial activity were then tested for activity against the drug resistant strains of P. aeruginosa 45 and S. aureus, 46 ISO panel micro-organisms, 47 and Acanthamoeba.
Bacteria were grown overnight in Tryptone Soya Broth (TSB; Oxoid, Basingstoke, UK) and then washed three times in PBS. S. aureus strains were resuspended in 1/10 TSB, S. marcescens and P. aeruginosa strains were resuspended in PBS to an OD 660nm of 0.1 (1.0 3 10 8 colony forming unit [CFU] ml À1 ). The bacterial cell suspensions were then serially diluted (1/10) to 1.0 3 10 6 CFU ml À1 for adhesion assays. Fungal strains were grown on Potato Dextrose Agar (PDA; Oxoid) plates by incubating for 7 to 10 days at 258C for F. solani and for 24 hours at 378C for C. albicans. Both fungal strains then were suspended in sterile PBS and filtered through sterile 70 and 40 lm filters to remove hyphal fragments and finally resuspended to an OD 660nm of 2.6 and 1.5 (1.0 3 10 8 CFU ml À1 ), respectively. Fungal suspensions were serially diluted to 1.0 3 10 6 CFU ml À1 and used for adhesion assays.
Acanthamoeba castellanii ATCC 50370 was used in this study. Cryopreserved Acanthamoeba cysts were inoculated into 25 mL of Peptone Yeast extract Glucose broth (PYG; 20 g l À1 Proteose peptone, 2 g l À1 Yeast extract, 0.48 g l À1 MgSO 4 , 59 mg l À1 CaCl 2 , 1g l À1 Sodium PO 4 ). The cells were enumerated using a Neubauer haemocytometer and the final inoculum adjusted using Page's saline to approximately 1.0 to 1.5 3 10 5 cells/mL. Noncoated control and peptide-coated lenses were washed in PBS and transferred to 1 mL of bacterial, fungal, or acanthamoebal suspensions (prepared above) in wells of 24-well tissue culture plates (CELESTAR; Greiner Bio-One, Frickenhausen, Germany). To allow adhesion of microbial cells, lenses were incubated 18 hours at 378C for bacteria, 18 hours at 258C for fungus, and 6 hours at 258C for amoeba with shaking (120 rpm).
Contact lenses were washed 3 times with PBS to remove nonadherent cells and then stirred rapidly in 2 mL of PBS containing a small magnetic stirring bar. This resulted in a disintegration of the lens. For bacterial strains, following log serial dilutions in Dey Engley neutralizing broth (DE; Becton, Dickson and Company, Sparks, MD), 3 3 50 lL of each dilution were plated on a tryptic soy agar (TSA; Oxoid) containing Tween 80 and lecithin for recovery of cells. For fungal strains, following log serial dilutions in DE neutralizing broth, 100 lL were plated onto PDA for recovery of viable cells. For Acanthamoeba, the samples were serially diluted 10-fold in DE broth and quadruplicates of each dilution of cells were plated on to nonnutrient agar (NNA; Oxoid) plates pre-incubated with Escherichia coli and incubated at 328C for up to 2 weeks. The plates were inverted and examined under a microscope on day 7 for tracks or excystment indicating viability and survivor numbers determined using Reed and Muench computation. 48 After 24 hours incubation at 378C for bacteria or 2 days incubation at 378C for C. albicans and 4 days incubation at 258C for F. solani, the viable micro-organisms were enumerated as colony forming units per cells per millimeters squared. Results are expressed as the reduction in adherent viable bacteria, fungi or Acanthamoeba (compared with the uncoated control lens) of triplicate measurements performed on a minimum of three separate occasions.
In addition, contact lenses with adherent P. aeruginosa 6294 and S. aureus 31 were stained with LIVE/DEAD BacLight Bacterial Viability Kit (Molecular Probes, Inc., Eugene, OR) according to the manufacturer's guidelines. 49 Microscopic observation and image acquisition was performed with an Olympus FV1000 Confocal Inverted Microscope (Olympus Corporation, Tokyo, Japan). Images obtained from eight representative areas on each of triplicate samples for each surface were analyzed using ImageJ software (U.S. National Institutes of Health, Bethesda, MD) (Rasband 1997 (Rasband -2008 . The image analysis results were measured as the average area of live cells and the average area of dead cells per field of view, and are reported as the average percentage coverage of the fields of view.
Effect of Autoclaving on Activity of MelimineCoated Lenses
Lenses were autoclaved (1218C) in PBS for 15 minutes, after which the lenses were allowed to return to ambient temperature (~208C). Retention of antimicrobial activity of the autoclaved lenses was measured using P. aeruginosa 6294 and S. aureus 31 as described above. Three lenses were used for one experiment and were repeated on a minimum of three separate occasions.
Lens Parameter Measurements
To test whether reacting lenses with melimine resulted in any lens parameter changes, five uncoated contact lenses (À3.00 D) were selected for metrologic evaluation before and after being coated with melimine. Lenses were immersed in PBS at ambient temperature (208C 6 28C) for 24 hours prior testing. Center thicknesses were measured using a Heidenhain Soft Contact Lens Thickness gauge (Metrology and Quality Services Ltd., St. Albans, UK) following the ISO: 18369-3, 50 9339-2 51 and American National Standard Institute (ANSI) Z80. 20-1998 52 protocol. The diameter of lenses was measured following ISO: 18369-3, 50 9338 53 protocol in a wet cell using a Nikon profile projector (Nippon Kogaku K.K., Tokyo, Japan) with horizontal x-y table and digital position readout. Sagittal depth was measured by profile projector following ISO:18369-3 50 and ANSI Z80.20-1998 52 protocols. Base curve equivalents were calculated using measured lens diameters, center thickness, and sagittal depth measurements. All procedures were repeated to obtain five independent measurements for each lens and these were then averaged.
Effect of Covalent Attachment of Melimine on Lens Surface Hydrophobicity
Contact lens hydrophobicity was evaluated through dynamic water contact angle measurement using a captive bubble. 54 Contact angle was determined using a contact angle goniometer (Model no. 200-F1; Rame-Hart, Inc NRL, Succasunna, NJ). Melimine treated and control contact lenses were soaked in PBS for 2 to 3 hours at room temperature (25 6 28C), then lenses were carefully rested on a custom made holder so that the convex lens surface faced downward, directly into PBS-filled optically clear chamber. An air bubble was dispensed from a 1.25-mm diameter blunt-ended steel needle positioned 2 mm directly below the lens apex. The size of the bubble was slowly increased to 3 lL using a microsyringe. Assessment of the receding and advancing contact angle was achieved by first enlarging the air bubble and then shrinking until the bubble detached from the surface. The angle between bubble and lens surface was measured with 50-mm Cosmicar Television Lens (Precision Co., Tokyo, Japan). Image J software was used to calculate advancing and receding contact angle. A minimum of eight measurements was made on five samples each contact lens and were averaged.
Cytotoxicity
In vitro cytotoxicity of the contact lenses was determined using a direct contact method as outlined in ISO 10993. 55 Briefly, murine L929 cells were grown in plastic petri dishes to confluence and meliminecoated lenses or noncoated controls were placed directly on the cell monolayer and incubated for 24 hours with fresh medium. After this incubation the cytotoxicity was assessed using bright field and phase contrast microscopy after staining with Trypan blue (Sigma-Aldrich, St. Louis, MO). Cytotoxic responses (i.e., zone of extent of cell damage) were graded on a scale of 0 to 4. 55 Additional controls used were silastic medical grade tubing (Dow Corning Corporation, Midland, MI)) as a negative control, and samples of surgical latex gloves (Ansell Medical, Victoria, Australia) as positive control. Grades of above 1 are suggestive of cytotoxic responses under the conditions specified. Three melimine contact lens samples were used for this test.
Statistical Analysis of Data
The adhesion data were log 10 (xþ1) transformed prior to data analysis where x is the adherent bacteria or fungi in colony forming units per millimeters to the negative two or amoeba in track forming units per millimeters to the negative two. Microbial adhesion and contact lens parameters were analyzed using independent 2-sample t-test. Prior to comparing the fluorescence microscopy images, equality of variances was tested using Levene's test. Unequal variances were adjusted by transforming the data using square root transformation. Differences between the groups were analyzed using linear mixed model ANOVA, which adjusts the correlation due to repeated observations. Post hoc multiple comparisons were done using Bonferroni correction. Statistical significance was set at 5%.
RESULTS
Evaluation of Most Effective Peptide Concentration
Initial studies were to determine the smallest amount of melimine attached to lenses that resulted in the greatest amount of antimicrobial activity. Figure 1 shows the log inhibition of melimine-coated contact lenses compared with control lenses. Increasing the concentration of melimine associated with the lenses resulted higher log inhibition of both P. aeruginosa 6294 and S. aureus 31. For both bacterial types, lenses prepared by adding 3 mg mL À1 melimine gave as great an inhibition of each strain (3.1 6 0.1 and 3.9 6 0.2 log inhibition, respectively) as the next highest concentration of melimine (5 mg ml À1 ). Therefore, for all subsequent experiments, melimine-coated lenses were produced by incubating in 3 mg ml À1 of melimine. This resulted in 152 6 43 lg lens À1 melimine associated on the lens surface. Antimicrobial activity of the selected melimine contact lens was further explored by fluorescence microscopy and image analysis (Fig. 2) . For both P. aeruginosa 6294 (P ¼ 0.014) and S. aureus 31 (P < 0.001) there was a significant decrease in the numbers of bacteria staining green (indicating intact cell membrane) on the melimine contact lens surfaces compared with control contact lenses. There was no significant difference between areas of the surfaces covered by membrane damaged (red stained) P. aeruginosa 6294 (P ¼ 0.087) on the melimine contact lenses when compared with control contact lenses. In contrast, red stained S. aureus 31 covered a higher percentage area (P ¼ 0.001) on melimine lenses than control lenses. Overall, there was significantly (P < 0.001) decreased bacterial adhesion (dead and live combined) on melimine contact lenses compared with control lenses.
Effect of Autoclaving and Hypertonic Solution Treatment on Activity of Melimine-Coated Lenses
For both P. aeruginosa 6294 and S. aureus 31, heat treated melimine contact lenses showed no significant (P > 0.05) reduction in antimicrobial activity compared with untreated melimine lenses. Addition of NaCl was performed in order to help remove any noncovalently bound melimine from the contact lenses. Analysis of adhesion of P. aeruginosa 6294 or S. aureus 31 to lenses that had or had not been treated with NaCl showed no significant effect on inhibition of adhesion (0.01 log, P > 0.05), suggesting that very little melimine was adsorbed and noncovalently bound to the lenses. Both the untreated control and EDC process control lenses showed 3.5 log P. aeruginosa 6294 and 4.3 log S. aureus 31 adhesion, respectively. There was no significant difference (P > 0.05; 0.3 to 0.7 log inhibition) between bacterial adhesion to the melimine-soaked or control lenses following the washing steps (Fig. 3) , indicating that the washing process had removed most of the adsorbed and noncovalently bound melimine.
Lens Parameters and Hydrophobicity Measurements
The commercially available etafilcon A lenses (with a power of -3.00 D) had an average lens diameter of 13.70 6 0.01 mm, a central thickness of 57.80 6 3.11 lm, and calculated base curve of 8.26 6 0.02 mm. After peptide coating there were no statistically significant (P > 0.05) change in lens diameter (13.52 6 0.02 mm), central thickness (57.80 6 2.77 lm), or calculated base curve (8.18 6 0.03 mm). The mean and 95% confidence interval (CI) of the contact angles of the lenses are detailed in Table 2 . Melimine coating resulted in a significant decrease (P < 0.001) in advancing contact angle compared with uncoated lenses.
Cytotoxicity of Melimine-Coated Lenses
In the cytotoxicity assay the responses were graded according to a standard key, which quantifies the zonal extent of cell damage (0-4 maximum). Positive and negative controls worked as expected; the positive and negative controls gave an inhibition of grade 4 and 1, respectively. All the three melimine-coated lenses and commercially available etafilcon A lenses showed a minimal response of grade 1, indicating no cytotoxicity, with only a small annulus of dead cells under the contact area. Thus, the melimine-coated lenses are considered to be nontoxic.
Efficacy of Melimine-Coated Lenses against Drug Resistant Bacteria
Melimine-coated lenses significantly (P < 0.001) reduced the viability of all the drug resistant bacteria as well as the high FIGURE 1. Mean log inhibition of P. aeruginosa 6294 and S. aureus 31 (n ‡ 9) adhesion to melimine-coated lenses compared with control noncoated lenses. biofilm producing strain of P. aeruginosa (Fig. 4) . Meliminecoated lenses gave at least 2 log inhibition of all the drug resistant bacteria. The viable counts of bacteria associated with melimine-coated lenses ranged from 0 to 16 CFU mm À2 compared with controls, which ranged from 3.6 3 10 2 to 2.0 3 10 4 CFU mm À2 .
Efficacy against ISO Panel Strains
The ability of melimine lenses to inhibit adhesion by ISO panel organisms is shown in Figure 5 . Melimine lenses significantly (P < 0.001) inhibited the number of live cells adherent to lens surfaces of all the organisms tested. There were 1.0 6 0.2 log and 1.1 6 0.2 log inhibition against F. solani ATCC 36031 and C. albicans ATCC 10231. Antimicrobial activity was least but still significant (P < 0.001) against Serratia marcescens ATCC 13880 (0.9 6 0.3 log).
Efficacy against Acanthamoeba
There were on average 1801 mm À2 viable Acanthamoeba cells adhered to control contact lens surfaces compared with 70 mm À2 cells on the melimine-coated contact lens surface. The melimine lenses resulted 1.4 6 0.2 log inhibition against A. castellanii ATCC 50370 (P < 0.001).
DISCUSSION
This study has demonstrated for the first time antimicrobial activity of melimine-coated contact lenses against Acanthamoeba, fungi, and antibiotic resistant strains of P. aeruginosa and S. aureus. This extends our previous data, which demonstrated activity against one additional strain each of S. aureus (CK5) and P. aeruginosa (ATCC 15442) as well as a strain of Streptococcus pneumoniae (Spneu 10). 38 Our results showed a significant reduction in the numbers of viable bacteria adherent to melimine-coated contact lenses. There were also significant reductions in the numbers of dead P. aeruginosa adherent to melimine lenses. On the other hand, there was an increase in the level of dead (red stained) adherent S. aureus. This difference may be due to the nutritious disparity in the media used in the bacterial assays or to the known differences in activity of melimine in solution on these two types of bacteria. 42 Any remaining dead cells on melimine-coated contact lenses are unlikely to be associated with contact lens related inflammatory events as our previous studies confirmed that melimine-coated lenses had the capacity to reduce inflammatory events like CLARE and CLPU in animal models 37 and live S. aureus were required to produce a CLPU responses in the animal model. 12 A previous study 37 found that the total count of bacteria did not differ between control and melimine-coated lenses, but this disparity might be either the consequence of the higher concentration of melimine present in etafilcon A lenses (152 lg lens À1 ) compared with the silicone hydrogel lenses (44 lg lens À1 ), or due to difference in polymer characteristics of the underlying lens materials used. Moreover, the current study extends our previous finding that melimine in solution retained activity when autoclaved, 38 to FIGURE 3. P. aeruginosa 6294 and S. aureus 31 adhesions to contact lenses following different treatments. Asterisks represent significant (P < 0.001) reduction in bacterial adhesion compared with contact lenses with adsorbed peptide, process controls, and untreated controls. show that melimine bound to a surface also retains antimicrobial activity after autoclaving. Because of highly cationic nature of melimine it is very unlikely to form a densely packed layer that interferes with oxygen permeability. However, further investigations might be indicated to evaluate any change in oxygen permeability especially with silicone hydrogel contact lenses. The current study demonstrated that covalently attaching 152 lg melimine on etafilcon A lenses did not alter lens parameters and the surface was not cytotoxic to fibroblasts. The latter finding re-enforces the previously published nonhemolytic activity of melimine in solution. 38 In this study, we report hydrophilic shift of contact lens surfaces after coating with melimine. This result was evident while measuring the advancing angle in the captive bubble technique. The majority of the melimine is composed of positively charged hydrophilic amino acids, which might have lead to a hydrophilic surface. Evidence suggests that hydrophobic surfaces generally result in higher proteinsurface adsorption than hydrophilic surfaces. 56 However, this is not always the case, and the high negative charge associated with methacrylic acid in etafilcon A lenses is well known to encourage deposition of the cationic protein lysozyme from tears. 57, 58 The addition of the cationic peptide melimine to lenses is likely to result in an increased positive charge on the lens surface. In the tear film, the protein lipocalin is relatively negatively charged 59 and it might be expected that lipocalin or other negatively charged proteins interact with surface bound melimine, and perhaps affect its activity. However, when unattached melimine has been incubated with tears there is no loss of antimicrobial activity 60 and this may indicate a low likelihood of reduction in activity during wear. This indicates that there is unlikely to be ionic interactions with anionic proteins such as lipocalin in tears that reduce activity. Furthermore, these initial studies suggest that the proteases in tears may also not affect the activity of melimine.
Contact lens related fungal keratitis is a rare, but severe form of infectious keratitis generally associated with poor prognosis. 61 The incidence has progressively increased even after the recent Fusarium keratitis epidemic. 62 Fungi can be resistant to the activity of several contact lens multipurpose disinfecting solutions. 63 Furthermore, a recent study investigating in vitro antimicrobial activity of three commercially available silver impregnated contact lens cases revealed high activity against bacteria, but all the lens cases were essentially ineffective against C. albicans after 6, 10, and 24 hours, 64 and only one lens case showed limited activity (0.5 log) against Fusarium solanii. 43 In this study we have demonstrated that the melimine-coated lenses produced at least one log inhibition against both Candida and Fusarium strains, indicating the possibility of controlling colonization of lens surfaces by fungi as well as bacteria.
Acanthamoeba keratitis associated with contact lens wear is a serious eye infection with poor prognosis and significant ocular morbidity. 28, 29, 65 Keratitis caused by Acanthamoeba often has limited treatment options, significantly higher duration of hospital admission, and unpredictable outcome. 29 Many commonly used contact lens disinfecting solutions have only limited amoebicidal efficacy. 66 The recent outbreak of contact lens related Acanthamoeba keratitis associated with use of Complete MoisturePlus contact lens disinfecting solution 10 and persistent elevated numbers of events, even after removal of this solution from sale, 10, 28 clearly indicates a need for an effective strategy to help reduce the incidence of this disease. In this study, for the first time, an antimicrobial peptide attached to contact lens surface was shown to have amoebicidal activity. This activity was much higher than that previously reported for fimbrolide-coated contact lenses (70% inhibition) against Acanthamoeba trophozoites. 34 Development of bacterial resistance against conventional antibiotics is a major problem. Resistance increases the risk of treatment failure with potentially serious consequences. In the last decade, various reports have confirmed antibiotic resistance of P. aeruginosa and S. aureus ocular isolates. 1, 16, 45, 67 Here we have reported at least 2 log inhibition of adhesion by meliminecoated lenses for 10 P. aeruginosa and S. aureus strains, which were resistant against commonly used antibiotics such as ciprofloxacin, gentamicin, moxifloxacin, and tobramycin. This combined with our previous finding of the inability of bacterial strains to become resistant after repeated exposure to subinhibitory concentration of melimine is a promising finding toward controlling these resistant bacteria.
Naturally occurring AMPs such as beta defensin 3 (hBD-3) and cathelicidin LL 37 have been found in tears and have broad spectrum antimicrobial activity. 41 Melimine is a synthetic cationic peptide designed to have maximum activity in its bound state. The minimal inhibitory concentrations (MIC) of naturally occurring AMPs (between 1-100 lg ml À1 ) 68 in their free state are lower than melimine. There have been successful attempts to achieve antimicrobial activity by covalently attaching AMPs over different surfaces such as polymide resin, cellulose, glass coverslips, and so on. 69 Covalent immobilization of cathelicidin LL 37 on titanium surfaces gives bactericidal activity against E. coli. 70 However, retention of antimicrobial activity of these naturally occurring AMPs onto surfaces, such as hydrogel and silicon hydrogel, has not yet been investigated, nor has their resistance to autoclaving. In this study, we were able to optimize and demonstrate very high antimicrobial activity against gram negative and gram positive bacteria by attaching high concentration of melimine onto the contact lens surface by EDC covalent coupling. It would be worth investigating using similar technology onto the attachment of the naturally occurring AMPs over contact lens or lens case surface that might lead to novel antimicrobial surface development strategy.
Future work that is necessary prior to further development of melimine-coated lenses would be to investigate the interaction of melimine-coated contact lenses with commercially available multipurpose disinfection solutions, and perhaps any interactions with the commercially available silver antimicrobial contact lens cases. Contact lens wear for consecutive 22 days, determining safety and biocompatibility by ocular study using rabbit eyes following ISO 9394 is necessary. 71 In summary, this study demonstrated that melimine-coated contact lenses have broad spectrum antimicrobial activity. They are also nontoxic, the binding of melimine does not alter lens parameters, and the coated lenses are heat stable. This, coupled with our previous demonstration of the ability of melimine-coated lenses to control adverse events in animal models, 37 makes melimine-coated lenses potentially ideal as an antimicrobial coating for preventing initiation of MK and other microbially-driven adverse events during contact lens wear.
